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Observations on the Effects of Shear and Relaxation Timres on the Phiase Behavior of

Polynier Solutions

Alan K. McClellan*, Andrew 3. Seckner, and Mark A. Mcllugh t**

* Department of Chemical Engineering, The Johns Hopkins University,

Baltimore, MID 21218 (U.S.A.)

AB13ST RA CT'

Shearing (e.g., -nixing) a polymer solution can shift the location of thle uipper critical solui-

tion, temperature (UCST) and the lower critical solution temperature (LCST) curves in pressure-

temperature (P-T) space. Also, the location of these curves iii P-T space is affected by the rate

at which transition points are determined. Preliminary observations on thle effects of shear and

* relaxation times on the phase behavior of the polystyrene-toluene-etliate sy stern are presented.

*INTROD1)ucTION

* ~In ile cou rse of dletermnining the high-pressure phase belhavijor of the polystyvrene ( PS) -toll one-

- et Itthane systemit, we observed some uinusual behavior associated with thte rate at. w Iticit t ile sohl Ot

was ntixed (i.e., sheared) and( the rate at which cloud polints were determi ned. T'ie piri riar f ti,

of tlte pitase-behavior studies was t~o determinte thte effect, of etltito, a variable-st ertgth i-isolventu

onl the location of the lower-critical-solution temperature (IA 5'l) and the ii ppcr-critIicalszohiit ioni

temnperatuire ( UCST) curves of the PS-tol uene systeml (MV olai t. a .. S;NI c lol aiml vI a Il

1986). Sacki et al. (1973) have shown that the LCST curve for time PS-toltueno, syst (in begins at

281'C for PS with a wrigitt average molecular weight of 150,000. Figure I shiows that, time IA S1

* curve (i.e., filie liquid liquid I liquid curve) for the PS-tolnone system can be shifted to quite

* * ~Currently with Proctor and Cantble, ETC, Brussels, Bielgiuim

SAuthor to whtom correspondenrce shtould be directed



FIR -A 3TT ~

moderate temperatures with the addition of ethane to the mixture (McClellan et al., 1986).

200 22.5 wt % C2 Hr
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Fig. 1. I'hase behavior for a 4.1 wt-% polystyrene - 73.4 ut-! toluene - 2.5 wt-% etha ie ,uiniir.

7le liquid - hquid+hquid transition curve is termed the LCST curve.

Although Saeki et al. (1973) showed that the UCST for the PS-toluene system does not appear
at temperatures above -70'C, it is possible to shift the UCST curve to high-enough temperatures

with the addition of ethane so that it eventually merges with the LCST curve. Figure 2 shows

schematically how the addition of a light gas, or a supercritical fluid, affects the phase d(iagramn for

T)olyrller s(lutions. The focs of this coinmunic ation is to report our observations oi he effect of

mixing and, polyiner entanglement/disentanglement relaxation times on the h ocationi of I lie L,(S''

alI 11C(S Ilhase-hor(er curves.

The I,(ST an ( iS' phase-border curves were imeasured using a hi gh-lpressure, VaTialih-

volume cell which allows for visual observations of the phases (Mclhugh and Cuckes, 1 rS). ,, v

shown in 'Tilhh 1, w,, found that the pressure of the system was dependent on whLether or tio1 the

',S-toluene,-ethanle solution was being mixed. When the solution was stirred (i.e., rhaiginug frmii
a qniiesceni to a sheared state), the system pressure increase-d when operatitmg in the iwo-phar,

'p.



liquid-liquid region of the phase diagram, yet it decreased when operating in the single-phase,

liquid region. These pressure changes are very reproducible.
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Fig. 2. lHfcrct a supcrcritical fluid (SCF) on the phase diagrams of polymer solutions. Note that

the two liquid -, liquid -liquid transition curves (i.e., the UCST and 1,6CST crtrur) inerge

when high concentrations of the SCF are added to the polymer solution.

The change in pressure with and without stirring is associated with changes in the specific

volume of t lie system. With stirring, PS molecules will configure in a more extended coiforniatioil

and will expose more surface area to the solvent as compared to the coiled configuration occupied

by PS molecules in an unstirred, quiescent environment. Therefore, the volume occupied hy the

. polymer-solvent mixture depends on the specific interactions between the polymer and solvent

(Tirrell, 1986). If the polymer and solvent "like each other", the volume of tHe mixture decreases

when it is mixed and the system pressure also decreases. This effect is observed in the single-phase,

liquid region of Figure I since, at elevated pressures and/or at moderate temperatures, the toluene-

ethane mixture is a good solvent for polystyrene. With a poor polymer solvent, the volume of tl)e

mixture will increase when it is mixed and, hence, the system pressure should also increase ili a

A A



TABLE 1.

Effect of mixing on t.,e system pressure. For these mixtures the concentrationi of polystyrene ini

toluene (on an ethane-free basis) remains fixed at 5.0 wt-%o.

Wt-% C 2 111- Temperature Pressure without Phiases P'ressu re (:lafige
in solution (0 C) s t ir r ing (bar) present with stirring (ha r)

22.5 130.0 74.5 I'l 1 1.03
22.5 88.5 100.0 LL 10.34
22.6 69.9 66.2 LL0.00
24.9 70.0 151.7 L-0.21
25.4 70.0 179.3 L0. 11

*22.6 69.9 72.4 L0.00)

22.5 45.0 36.5 L0.00

closed system. This effect is observed in the liquid-liquid region of Figure 1 since the toluene-ethane

mixture has become such a poor quality solvent that it no longer can dissolve the polystyrenie. The

magnitudle of the pressure change associated with mixing is sensitive to the systein temperature,

* the quality of the solvent (in our case the quality is controlled by the amount of ethane in thle

,solution), mid the miolecular weight of the polymer - - the higher the molecular wveight, the larger

the shear effect (in our studies the weight average molecular weight is only 150,000) (WVolf and

Jenid, 1979; Kramer and Wolf, 1985).

If the solvent is exceptionally poor, as is the case when a large amnounit. of ethlane is added

to the 1PS-toluene solution, it is possible for the p~olystyrene t~o form solid p~articles with mnixing.

For a mixture with 3.6 wt-% PS, 67.4 wt-% toluiene, and 29.0 wt-%" et bane, solidl pari ids of

polystyrene were observed in the two-phase, liquid-liquid region when the syst em was v igorouslvN

mixed1. It, s houlId ibe notevl that the polymrer-rich liquid inl th is situation is very v iscouis an ( gel- ike

in appearance indicating that very little toluene-ethiane solvent is presenit inl this, phase. Whenl lie

mnixing was stop~ped , the Solid p~artic les settled on the top of the polytier-nb ha an1d s owl v

melited or !issolved. If stirring \ws resunied the solid p)articles (prckily refonin e. \NWi1 t IT Irring ti11

- ~ ~ ~ ~ - -oi h~ a lo present. (hiring cloud-poinit (leterirlai tons. lcne-afil t ;d., ( 19' I 1110

tha,-t miirirots antliors have also observed the fortmation of pok nier pairt icle, for r erta;ti1,I plTir

Soluit ions; w.t ich wvere subhjec tedl to id d(1eformtat ions.

'The ;l1)ility to forin solidl polystyrene particles cart he Interpreted by reexai;ingIIIT ieO tole

(if etliane. As merit orred lprevioiisly, ethie acts ais a -lrrl-s~eg~ ilt isoklvert - ;Ii ale(

,itrength ;Ii ice thre s;olvent. pow~er of etlane icreaises coirsideiirly as i.is (otilplqesii'l (NbIgi an1t1 I

Krukoriis. 198G). As ethiarte is adldedl to the mnixtture the IA SI' is shifted to lower terrperat tire, H ie

T.SI curve is shifted to higher temperatures, arid the three-phiase, Solid-liquil-liqitlid (511.)(Ai X

is also shlfed to higher terntleraturres. Figure 3 shows sclintal'ticallyN how solidificaItion phellillelii
4 cart occur at high ethanei conirt ration's for P,-S-tolUene-et Irarte nrxtutres. Sinpritrtposeh on the,



effect of ethane is the effect of a shear field (i.e., mixing). With mixing the SLL curve should

be shifted to even higher temperatures since the polysytrene molecules are being alligned and

are therefore more likely to solidify (Vrahopoulo-Gilbert and Mcltugh, 198,4). The occurence of

this solid phase over wNide ranges of P-T space is a consequence of the multicoinponent nature of

polymer solutions. The SLL curve is actually an SLL area in the same manner that the IlN curve

in Figure I is an LIV area (McClellan et al. 1985; McClellan et al., 1986). Unfortuantely, we are

unable to characterize the flow pattern experienced by the solution due to the geornetry of the

experimental apparatus use(d for obtaining phase-behavior information.

SL L LL

P

.44

T

Fig. 3. Schematic phase diagram for a polystyr(ne-toluene-ethane, miiirr (t hIh cocr t t,

of ethane.

RELAXATION EFF'ECTS

tlre rate at, which the !,CST transitions w ere reasirred iII 11is st wi(1\ W S isa ll ,, j ()it kiiI I illhl,

in repro urcing the transit ion. Thie lPS-tolurere-c.harne solul iol is h- er iii;nllk (tf H, )[ ,, ; Il ;I
very slow rate to obtain a cloud-point, pressure (i.e., an LS Ii I I

repressuri/ ed back into the onle-phase region arid again slowly (lchc illp-,'5S(d, a (litleiiit ,I ,i-

point, prt.ssutre is observvl. These cll-porit pressurs were foulnd to -ary le a%;,. ,n;'- hai

d(lelil i, on tel Ow length oi trlile tll sol'tion re ai;nred ill t lie one- pli S, rcgiol iio t o I I )i lit_,

the cloud-polint.



Toli~;s hysteresis in cloud-point pesrisa conseqluenc(e of the enitanglemenit of the polymner

moleule ai(] he imeit ake fo dientnglmen (Iitferet al., 1973; I'eterliri, Pt a1., I 96.').

The degree of entanglement is expected to be very different iii the liquid-lipi id region as comrpa red

to the single-phase region, since the PS concentration in thie polymer-rich phase in the two-plase

region is about 20 to 25 wt-% while in the single-phase region it is less than 5 wt-%. A finite time

is necessary for polystyrene molecules to disentangle or to entanigle in solution, hience, spurilous
LCST trannsitions will be ob~tained if sufficient time is niot illowed for these processes t~o occur.

CONCLUSIONS

T1he observations discussed in this communication indicate that the normal methiods used

for obtaininrg the phiase behrav ior of inixturcs may riot result, in equilIibri umi datat when tip plied to

* polyrner solutions. The process of mixing, which normially is associated with reduIcing the tilloe

for a solution to reach equilibrium, can drive a polymer mixture away fromn an equilibrium state.

.4 ~Mixing a p~olymer solution changes the system's entropy and entlialpy which in turn a fect s tin'

location of phase-bounidary curves. Also, sufficient time must also be allowed for the polY ruer to

relax in solution. IMore work is needed to quantify these effects on the 1 )hase diagrms of polvimer

solutions.
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